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Abstract-A new three dimensional (3D) ray-tracing propagation 
prediction tool (3D MRT-1) is being developed for 
characterisation of wideband mobile radio channel. It calculates 
the amplitude, phase, angle-of-departure (AOD), angle-of-arrival 
(AOA), optical path length and received field strength for each 
valid reflected or diffracted ray path. It also constructs the 
power delay profile (PDP) and extracts important multipath 
channel parameters needed in system design such as transmission 
loss, received power, average delay spread and RMS delay 
spread. As part of a model validation process, measurements 
have been made in a residential suburban area of Malvern, UK, 
at 2.38 GHz.  
 
 
I. INTRODUCTION 
 
The recent proliferation of, and activity and interest in, 
universal mobile telecommunication systems (UMTS) and 
personal communication network (PCN) systems and  
services have triggered increased demand for high data-rate 
microcellular mobile radio communications systems.  
The propagation environment places fundamental limits 
on the performance of any radio communication system and, 
in this context, multipath is both a major cause of signal 
degradation and a potential mechanism for increasing spectral 
efficiency through the use of multiple input multiple output 
(MIMO) technology. In order to determine optimum methods 
of mitigating, or utilising, multipath propagation, the radio 
channel must be properly characterised. This is a pre-requisite 
to reliable planning, design and implementation of future 
high-performance, high data-rate microcellular systems. 
Recent advances in affordable computational power and 
memory, and the availability of high-resolution environment 
databases, have made 3D ray-tracing a practical alternative to 
field surveys and empirical modelling.  
 
 
II. MEASUREMENTS 
 
Characterisation of the multipath channel can be achieved 
either by propagation measurements or by deterministic 
modelling. Measurements implicitly take into account all the 
propagation factors, both known and unknown whilst 
physical, deterministic, models are always subject to both 
simplification and approximation. Deterministic ray-tracing 
models are more convenient, however, and cheaper than 
measurements but require some level of validation (typically 
by measurements) before they can be relied on. 
 
 
A. Measurement Campaign 
 
A measurement campaign has been carried out in a 
residential suburb of Malvern, UK, at 2.38 GHz using a 
commercial MEDAV RUSK WLL channel sounder. It was 
conducted jointly by the Radio Systems and Radio Science 
Research Group (now the Telecommunications, Space and 
Radio Group) at the University of Bath, and QinetiQ.  
The test equipment and vehicles were provided by 
QinetiQ. The principal measurement parameters are 
summarised in Table I. 
A closed path route for the mobile receiver and two static 
locations for the transmitter were selected. One transmitter 
location (T1) coincides with a point on the closed curve 
forming the locus of the mobile receiver. A second transmitter 
location (T2) coincides (approximately) with the centre of 
area defined by the closed curve. Fig. 1 shows the 
measurement area, the mobile receiver test route (ABC) and 
the (static) transmitter locations (T1 and T2). 
 
 
TABLE I 
PRINCIPAL MEASUREMENT PARAMETERS 
 
Frequency 2.38 GHz 
Bandwidth 120 MHz 
Transmit power 26 dBm 
Antenna pattern Omni-directional 
Polarisation Vertical 
Chirp duration 1.6 μs 
Temporal resolution 6.25 ns 
Measurement rate 976 CIR/s 
Antenna heights 3.3 m 
 
 
  
 
Fig. 1.  Measurement area, transmitter locations (T1, T2) and receiver test 
route (ABCA). 
 
 
B. Receiver Test Routes  
 
For Route 1 measurements, the transmitter was located at 
the curb of Albert Park Road; approximately 5 m from the 
intersection with Somers Park Avenue (T1 in Fig. 1). The 
vehicle carrying the receiver started each measurement 
adjacent to the transmitter, travelled along Albert Park Road 
for approximately 275 m (towards B), turned right onto 
Queen’s Road, travelled along the Queen’s Road for 
approximately 275 m (towards C), turned again right onto 
New Town Road, travelled along New Town Road for 
approximately 290 m (towards A), and completed a 
measurement by parking adjacent to the transmitter. The 
perimeter of the route is approximately 900 m. 
The transmitter maintained line-of-sight (LOS) contact 
with the receiver up to the intersection of Albert Park Road 
and Queen’s Road. There was obstruction of the signal, i.e. 
non-line-of-sight (NLOS) conditions, for most of the route on 
Queen’s Road and New Town Road. Approximately 75% of 
Route 1, therefore, was NLOS.  
For Route 2 measurements, the transmitter was located at 
the curb of Chester Place (T2 in Fig. 1). The receiver 
travelled along a similar path to that of Route 1 except that 
the start and end of the path coincided with T2. Other than the 
route segments to Queen’s Road (BC) from T2, and from 
Queen’s Road to T2, NLOS conditions prevailed for almost 
all Route 2 mobile locations. 
 
 
C.  Data Logging 
 
Channel impulse responses (CIRs) were recorded at 5 cm 
intervals. The data logging system allowed real time 
observation of the (decimated) CIR magnitudes. The complex 
CIRs were logged on 14 GB DAT tapes. 
The data was organized in six binary files; each file 
representing the data for one complete measurement circuit. A 
file header contains calibration and measurement parameter 
information. Software written in IDL was used to read each 
binary file, separate the file header from the data, plot CIRs 
and calculates relevant statistics. Details of the measurement 
campaign are also described in [1]. 
 
 
D.  Measurement Database 
 
Three consecutive measurements were taken for each of 
the two selected receiver routes. During the measurement, the 
speed of the mobile vehicle was, as far as possible, 
maintained constant. A total of 96,626 CIRs were recorded. 
The shape of power delay profile (PDP) varies depending 
upon the type of channel sounder and bandwidth used [2]. 
 Fig. 2 shows an example PDP recorded at a distance of 
approximately 151 m from transmitter, T1 (Route 1, 
Measurement 2) on Albert Park Road.     
A back-to-back calibration was conducted immediately 
prior to, and immediately after, all measurements. In order to 
assess the stability of the calibration the probability density 
function (pdf) of the difference between PDP peak and 
highest PDP sidelobe was calculated. Details are described in 
[1].  
 
 
E.  Extraction of Multipath Parameters 
 
Each CIR was filtered using an 18.75 ns running mean 
filter.  Potential noise and spurious responses were removed 
by applying a two threshold (TH1 and TH2) CIR inclusion 
test. TH1 was set at -18.5 dB with respect to the peak value of 
the CIR. This value was selected after considering the pdf of 
the back-to-back calibration measurement. (The minimum 
difference between the peak level and the sidelobe level was 
18.55 dB.) 
TH2 was set 10 dB above the CIR noise floor. The noise 
floor was established separately for each CIR by calculating 
the mean noise power in a 0.3 μs time window starting 0.7 μs 
after the strongest PDP component. 
The two-threshold algorithm finds TH1 and TH2 and then 
selects the highest (i.e. least negative), i.e. TH = max{TH1, 
TH2}. This algorithm was applied to all measurements.  
 
 
 
        
Fig. 2.   Examples PDP (or CIR magnitude). 
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In order to analyse the discrete multipath parameters, a 
number of post-processing algorithms were developed. Data 
in the form of time-variant complex channel impulse 
responses (CIRs) have been recorded and discrete multipath 
components extracted.  
The first-order statistics of these components, including 
received power, number of paths, mean delay and RMS delay 
spread were obtained for each CIR. The example in Fig. 3 
shows a frequency histogram of the number of multiple paths 
exceeded for Measurement 3, Route 1. Fig. 4 and Fig. 5 are 
cumulative distribution functions (cdfs) of total received 
power and RMS delay spread, respectively, for measurements 
taken along Route 1.  
 
 
III. RAY-TRACING TOOL 
  
The 3D MRT-1 ray tracer [3, 4] is based on geometric 
optics (GO) and the uniform theory of diffraction (UTD). The 
method of images is used to find ray paths between a 
transmitter and receiver that satisfy (precisely) Snell’s laws of 
reflection and the Fresnel equations are used to calculate the 
reflection coefficients. A transmitter rotation rule based on 
Fermat’s theorem is used to find diffracted paths and 
Luebber’s enhanced UTD diffraction coefficient for a non-
perfectly conducting wedge is used to calculate the diffraction 
coefficients.  
At present only paths that comprise reflections only or 
diffractions only can be found (i.e. mixed 
reflection/diffraction paths are neglected). This is a significant 
limitation of 3D MRT-1 which remains to be addressed. 
The software is currently implemented in MATLAB and 
time constraints therefore restrict interactions to three 
reflections and two diffractions. It caters for buildings of 
arbitrary shape (consistent with being synthesised from plane 
polygons) and arbitrary electrical properties (conductivity and 
permittivity), arbitrary frequency (consistent with the 
fundamental approximations of GO), and arbitrary antenna 
locations and orientations. 
 
   
 
 
Fig. 3.  Frequency histogram of the number of multiple paths exceeding 
abscissa. 
 
 
      
Fig. 4.  Cdf of received power, Route 1. 
 
 
 
 
Fig. 5.  Cdf of RMS delay spread, Route 1. 
 
 
A.  Algorithms 
 
A building database defining the environment is created in 
vector format. The buildings are represented by the external 
walls and roofs only (i.e. no internal structure is considered). 
Each wall is represented by a set of plane polygons defined by 
the coordinates of the polygon vertices. Each polygon is 
defined by a set of edges. Each edge is defined by a pair of 
points; one start point and one end point. The physical and 
electrical characteristics of each polygon are also defined in 
the database. The 3D building database of the test-site is 
shown in Fig. 6. All buildings were assumed to be of equal 
height with flat roofs. The terrain was also assumed to be flat. 
Vegetation, garden furniture (including fences), street 
furniture etc. were neglected. 
A visibility matrix is used to avoid the calculation of 
obscured ray paths. The visibility-matrix facilitates a search 
for all possible ray-paths from the transmitter to the receiver 
(or field observation point). It is based on the visibility 
criteria between polygon facets or edges in the modelled 
environment. The visibility matrix algorithm is run once only 
for each environment.  
 
  
Fig. 6.  An Isometric view of test site building database. 
 
All possible paths are identified; a possible path being a 
sequence of objects (facets or edges) in which each object is 
(wholly or partly) visible to its neighbours.  
 
In order to reduce processing time and avoid memory 
deadlocks, an accelerated distributed partitioning and 
segmentation technique has been implemented. An algorithm 
‘filter paths’ is used to identify and eliminate any invalid rays. 
An algorithm was developed to apply the same ‘noise’ 
threshold to each simulated CIR as that found for the 
corresponding measured CIR. An algorithm ‘equivalent 
sources’ is used to find the amplitude, phase, polarisation, 
angle-of-departure (AOD), angle-of-arrival (AOA), optical 
path length and received field strength for each valid reflected 
or diffracted ray path.  
 Table II shows the 3D MRT-1 model parameters used to 
simulate the measurements. 
 
 
B.  Simulated Database and Data Collection Methodology 
   
 The simulated test route was split into 92 locations. The 
distance between adjacent receiver locations was 8.5 m. 
Reflected and diffracted paths were calculated separately. The 
simulated data was stored in a set of files. Each file contains 
the total number of rays, the optical length of each ray, the 
locations of all points of reflection and locations of all points 
of diffraction and the resultant field strength. Pre-processed 
simulated data for the sum of reflection and diffraction 
interactions were also obtained and stored in separate files for 
each receiver location. 
 
    
TABLE II 
3D MRT-1 PARAMETERS 
 
Frequency 2.38 GHz 
Antenna type Half-wave length  
Antenna heights 3.3 m 
Polarisation Vertical 
Building heights  8.2 m  
Power 1W 
Conductivity 0.1 (S/m) 
Relative permittivity 4.44 
C.  Simulated results 
 
Characterisation of the multipath channel can be achieved 
either by field trial propagation measurements (empirical 
modelling) or ray-tracing (deterministic modelling). 
Deterministic models are generally thought to predict channel 
characteristics not only more precisely but also more 
accurately than (measurement-based) empirical models.  
The 3D MRT-1 model predicts wideband channel 
characteristics and extracts the important multipath channel 
parameters needed in system design such as transmission loss, 
received power, number of ray-paths, power delay profiles, 
averages delay spread and RMS delay spread. As part of 3D 
MRT-1 model validation process, we have compared the 
simulated results.   
The simulated data was executed 11 times, three times for 
reflection interaction (Sim10, Sim20, and Sim30), twice for 
diffraction interactions (Sim01 and Sim02), and six times for 
all possible combinations of reflection and diffraction 
interactions. (Simij is a simulation containing reflections with 
up to i interactions and diffractions with up to j interactions.)  
In order to investigate the influence of the number of 
interactions simulated, the ray-path statistics for all 11 
simulated types were obtained.  
Fig. 7 is an example frequency histogram of the number of 
reflected ray-paths for the simulation Sim30. Unsurprisingly, 
as the number of allowed interactions increases the number of 
ray-paths increases rapidly. 
Fig. 8 and Fig. 9 show examples of calculated ray-paths 
and Fig. 10 and Fig. 11 show the corresponding (discrete) 
power delay profiles. 
The simulated channel parameters such as transmission 
loss, received power, and RMS delay spread have been 
calculated for each CIR along the measurement route for all 
combinations of interaction orders up to three reflections and 
two diffractions. 
Fig. 12 shows a plot of simulated received power and Fig. 
13 shows the corresponding transmission loss for a single 
reflection for single reflections (x), reflections up to order 2 
(+) and reflections up to order 3 (*). 
 
 
 
 
Fig. 7. Frequency histograms of reflected ray-paths, Sim30. 
 
 
 
 
Fig. 8.  Reflected ray-paths (Sim30) for receiver location 81 (New Town 
Road) and transmitter location T1. 
 
 
 
Fig. 9. Diffracted ray-paths (Sim02) for receiver location 26 (Intersection 
of Albert Park and Queens Road) and transmitter location T1. 
 
 
 
 
 
Fig. 10.  Simulated PDP (Sim30, for receiver location 81 (New Town Road) 
and transmitter location T1. 
 
 
 
Fig. 11.  Simulated PDP (Sim02), for receiver location 84 (New Town 
Road) and transmitter location T1. 
 
 
 
Fig. 12.  Simulated received power for a single reflection (Sim10, x), 
reflections up to order 2 (Sim20, +) and reflections up to order 3 (Sim30, *). 
 
 
 
 
Fig. 13 Simulated transmission loss for a single reflection (Sim10, x), 
reflections up to order 2 (Sim20, +) and reflections up to order 3 (Sim30, *).  
 
 
IV. COMPARISION OF SIMULATION AND MEASUREMENT 
  
Fig. 14 and Fig. 15 compare measured and simulated 
received power, and measured and simulated RMS delay 
spread, respectively, both based on reflections up to order 3 
and diffractions up to order 2 (Sim32). 
 Apart from two rogue points there is extremely close 
agreement between measurement and simulation in Figure 10 
for the first 11000 CIRs. (Between CIRs 5000 and 11000 
both simulations and measurements yield zero received signal 
power; the measurement values in this range representing 
noise.) Between CIRs 11000 and 16000 there is superficially 
poor agreement. The shape of the measured and simulated 
data in this region are similar, however, and it is thought that 
the difference is due either to an offset error in gain, or an 
error in range, or some combination of the two. This is 
currently under investigation. 
   Whilst the general magnitudes of RMS delay spread are 
similar between measurements and simulation in Figure 15 
the match at individual points is poor. It is not yet known 
whether this indicates inadequate simulation (e.g. over 
simplification of the environment, too few allowed 
reflection/diffraction interactions, neglect of mixed 
reflection/diffraction paths) or errors in the simulation 
software. This is also under investigation. 
 
 
 
 
Fig. 14. Comparison of measured (solid line) and simulated (points) total 
received power (Sim32). 
 
 
V. CONCLUSION AND FURTHER WORK 
 
A 3D ray-tracer has been described and comparisons 
between the channel characteristics it predicts and those 
measured have been made. The similarity between predicted 
and measured results is encouraging. Disagreements remain 
which need explaining, however, before the software could 
be deployed with confidence as a research tool. Furthermore, 
the building database is currently created manually. Software 
is, therefore, required that will generate the building database 
from commercial GIS sources. 
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Fig. 15. Comparison of measured (solid line) and simulated (points) RMS 
delay spread (Sim32). 
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